Abstract: Skeletal muscle is a highly plastic tissue and decreased skeletal muscle mass (muscle atrophy) results in deteriorated motor function and perturbed body homeostasis. Myogenin promoter-associated long non-coding RNA (lncRNA) Myoparr promotes skeletal muscle atrophy caused by surgical denervation; however, the precise molecular mechanism remains unclear. Here, we examined the downstream genes of Myoparr during muscle atrophy following denervation of tibialis anterior (TA) muscles in C57BL/6J mice. Myoparr knockdown affected the expression of 848 genes. Sixty-five of the genes differentially regulated by Myoparr knockdown coded secretory proteins. Among these 65 genes identified in Myoparr-depleted skeletal muscles after denervation, we focused on the increased expression of growth/differentiation factor 5 (GDF5), an inhibitor of muscle atrophy. Myoparr knockdown led to activated bone morphogenetic protein (BMP) signaling in denervated muscles, as indicated by the increased levels of phosphorylated Smad1/5/8. Our detailed evaluation of downstream genes of Myoparr also revealed that Myoparr regulated differential gene expression between myogenic differentiation and muscle atrophy. This is the first report demonstrating the in vivo role of Myoparr in regulating BMP signaling in denervated muscles. Therefore, lncRNAs that have inhibitory activity on BMP signaling may be putative therapeutic targets for skeletal muscle atrophy.
Introduction
Long non-coding RNAs (lncRNAs), which exceed 200 nucleotides in length, are derived from intergenic regions, intronic regions, and cis-regulatory regions (enhancers and promoters) [1] , and show tissue-specific expression patterns compared to protein-coding RNAs [2, 3] . Divergent species of lncRNAs have been identified from mammalian genomes, including the human genome. Although the nucleic acid sequences of lncRNAs among different species are poorly conserved, their biological function tends to be conserved between species, possibly because of their similar secondary structure [4] .
Gain-of-function and loss-of-function of lncRNAs in cell culture systems have revealed that lncRNAs exhibit multiple biological roles, such as epigenetic regulation, transcriptional regulation, translational regulation, and functioning as structural cores, among others [5, 6] . Correlations between mutations and dysregulation of lncRNAs and human diseases have been identified [7] [8] [9] . In addition, in vivo functions of lncRNAs have been established in dosage compensation and genome imprinting processes [10] [11] [12] [13] . Other in vivo functions of several lncRNAs have been experimentally demonstrated using knockout mice. For instance, Fendrr regulates heart and body wall development [14] and Neat1 regulates corpus luteum formation and pregnancy [15] . Furthermore, Hotair is essential for repression of Hoxd expression in cultured cells [16] , however, the in vivo role of Hotair remains controversial [17] . Several genetic studies have also raised questions about the roles of multiple lncRNAs in the development of mice [18] [19] [20] . Thus, in vivo analysis of the molecular function of lncRNAs is essential in order to reveal the physiological roles of lncRNAs in differentiation, development, and various diseases.
Skeletal muscle is a highly plastic tissue that is required not only for motion but also for maintaining body homeostasis. During embryonic development, the number of proliferating mononuclear myoblasts determines the size of future skeletal muscle tissue. As development progresses, myoblasts cease growing and undergo differentiation to form multinuclear myotubes. This process, which is called myogenesis, has been studied as a model system of cell differentiation. The myogenin gene product is one of the major transcriptional regulators in myogenesis [21] . We previously identified Myoparr, a lncRNA expressed in the opposite direction from the promoter region of myogenin [22] . Myoparr promotes myogenic differentiation through the activation of neighboring myogenin expression. Intriguingly, Myoparr expression also increases during skeletal muscle atrophy caused by denervation and promotes muscle atrophy in mice. While Myoparr activates the expression of myogenin in vivo, the exact molecular mechanism by which Myoparr promotes skeletal muscle atrophy caused by denervation remains to be elucidated.
In the current study, we aimed to examine changes in the expression profiles of genes in denervated tibialis anterior (TA) muscles of mice following Myoparr knockdown. Myoparr knockdown caused the upregulation or downregulation of hundreds of genes at an earlier time-point after denervation. We focused on 65 genes that coded for potential secretory proteins in which expression was altered by Myoparr knockdown, and examined the involvement of these genes in skeletal muscle atrophy. We showed the importance of elevated growth/differentiation factor 5 (GDF5) expression-which is also known as bone morphogenetic protein (BMP) 14 and an inhibitor of muscle atrophy in mice [23] -for preventing muscle atrophy in Myoparr-depleted muscles under denervation. Therefore, our findings reveal that Myoparr promotes skeletal muscle atrophy by repressing GDF5/BMP signaling in denervated skeletal muscles and may help identify putative therapeutic targets for preventing and treating skeletal muscle atrophy.
Results

Knockdown of Myoparr Affected Global Gene Expression in Denervated Mouse Skeletal Muscles
We previously showed that small hairpin RNA (shRNA)-mediated knockdown of Myoparr in skeletal muscle decreases myogenin expression and attenuates skeletal muscle atrophy 7 days post sciatic nerve transection [22] . To identify the early response genes by Myoparr knockdown other than myogenin, we examined skeletal muscle mass at 3 days post denervation. Increased skeletal muscle mass was observed in response to Myoparr knockdown after denervation compared with that of the control side of the mice (Figure 1a) . Thus, Myoparr knockdown attenuated muscle atrophy at an earlier time point than previously reported.
To better characterize the in vivo role of Myoparr, we examined global gene expression in Myoparr-depleted TA muscles using RNA-sequencing (RNA-seq) analysis. Tibialis anterior (TA) muscles were transfected with either Myoparr-specific or control shRNA and the sciatic nerve was then transected. Three days after denervation, the total RNA was extracted from the muscles and used for RNA-seq library construction. Before RNA-seq analysis, Myoparr expression was quantified by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Although statistical significance (p < 0.05) was not observed, the level of Myoparr expression tended to decrease by Myoparr knockdown (Figure 1b) . Instead, we observed that Myoparr knockdown significantly decreased myogenin expression, which we previously identified as a Myoparr target gene [22] (Figure 1c ), indicating that electroporation-mediated Myoparr knockdown in TA muscles altered the expression of the downstream gene of Myoparr. RNA-seq analysis showed that knockdown of Myoparr affected global gene expression, although the rates of changes were relatively mild, possibly as a result of Non-coding RNA 2019, 5, 33 3 of 13 unaltered gene expression in the remaining untransfected myofibers. Therefore, we converted the log2 values of the RNA-seq results to z-score values. In this study, the z-score threshold was set to >2.5 or <−2.5. The gene expression dynamics in Myoparr-depleted muscles were shown by cluster analysis based on their z-score values. As illustrated by the heatmap in Figure 2 , Myoparr knockdown altered the expression level of 848 genes in denervated TA muscles with 423 genes being upregulated and 425 genes being downregulated (Table S1 ). It is of note that the expression of the myogenin gene was also decreased as indicated by the black arrow in Figure 2 . These results indicated that Myoparr knockdown globally affected gene expression in denervated muscles in mice. To better characterize the in vivo role of Myoparr, we examined global gene expression in Myoparr-depleted TA muscles using RNA-sequencing (RNA-seq) analysis. Tibialis anterior (TA) muscles were transfected with either Myoparr-specific or control shRNA and the sciatic nerve was then transected. Three days after denervation, the total RNA was extracted from the muscles and used for RNA-seq library construction. Before RNA-seq analysis, Myoparr expression was quantified by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Although statistical significance (p < 0.05) was not observed, the level of Myoparr expression tended to decrease by Myoparr knockdown (Figure 1b) . Instead, we observed that Myoparr knockdown significantly decreased myogenin expression, which we previously identified as a Myoparr target gene [22] (Figure  1c ), indicating that electroporation-mediated Myoparr knockdown in TA muscles altered the expression of the downstream gene of Myoparr. RNA-seq analysis showed that knockdown of Myoparr affected global gene expression, although the rates of changes were relatively mild, possibly as a result of unaltered gene expression in the remaining untransfected myofibers. Therefore, we converted the log2 values of the RNA-seq results to z-score values. In this study, the z-score threshold was set to >2.5 or <−2.5. The gene expression dynamics in Myoparr-depleted muscles were shown by cluster analysis based on their z-score values. As illustrated by the heatmap in Figure 2 , Myoparr knockdown altered the expression level of 848 genes in denervated TA muscles with 423 genes being upregulated and 425 genes being downregulated (Table S1 ). It is of note that the expression of the myogenin gene was also decreased as indicated by the black arrow in Figure 2 . These results indicated that Myoparr knockdown globally affected gene expression in denervated muscles in mice. 
Knockdown of Myoparr Increased the Expression Level of Growth/Differentiation Factor 5
The efficiency of transgene expression is approximately 30% of total myofibers at 3 days following electroporation [24] , indicating that shRNA inhibits Myoparr expression in 30% of denervated TA muscle myofibers. However, we observed significant increases in weight of TA muscles following Myoparr knockdown. Based on these observations, we hypothesized that Myoparr knockdown altered the expression of secretory proteins and also affected the size of untransfected 
The efficiency of transgene expression is approximately 30% of total myofibers at 3 days following electroporation [24] , indicating that shRNA inhibits Myoparr expression in 30% of denervated TA muscle myofibers. However, we observed significant increases in weight of TA muscles following Myoparr knockdown. Based on these observations, we hypothesized that Myoparr knockdown altered the expression of secretory proteins and also affected the size of untransfected myofibers. To investigate this possibility, we screened the genes coding for secretory proteins among the 848 genes differentially regulated by Myoparr knockdown using ProteINSIDE analysis [25] . We identified genes coding for secretory proteins by screening for proteins that had been annotated as secretory proteins. The ProteINSIDE analysis extracted 65 genes with secreted annotation from the 848 genes regulated by Myoparr knockdown. Of these 65 genes, 18 were upregulated (Table 1 ) and 47 were downregulated (Table 2) . Notably, RNA-seq data showed that Myoparr knockdown decreased the expression levels of Col14a1, Dcn, and Sfrp1, which are essential for muscle homeostasis and reported to increase following denervation [26] [27] [28] . This supported the notion that Myoparr knockdown attenuated muscle atrophy caused by denervation.
Among the various genes coding for secretory proteins, our attention was drawn to the Gdf5 gene that has previously been shown to prevent muscle atrophy caused by denervation [23] . Thus, we examined the expression level of GDF5 in Myoparr-depleted TA muscles by western blot. At 3 days post denervation, Myoparr knockdown largely increased the expression level of GDF5 compared with that in the muscles transfected with control shRNA (Figure 3a,b) . In agreement with the previous report that Gdf5 is required for the activation of BMP signaling in denervated muscles [23] , activated BMP signaling was also observed following Myoparr knockdown, as indicated by increased levels of phosphorylated Smad1/5/8 ( Figure 3a) . We also noticed that Myoparr knockdown increased the expression level of Smad5 (Figure 3a,c) . Taken together, these results indicated that Myoparr knockdown prevented muscle atrophy after denervation by activating BMP signaling by increasing GDF5 and Smad5 expression. 
Genes Regulated by Myoparr Knockdown Differed Between Myogenic Differentiation and Muscle Atrophy
Myoparr knockdown alters the expression of 693 genes in differentiating C2C12 cells, of which 299 are upregulated and 394 are downregulated [22] . The increased Gdf5 expression in Myoparrdepleted skeletal muscles prompted us to compare the genes regulated by Myoparr knockdown in myogenic differentiation compared to those in muscle atrophy since the expression level of Gdf5 is not changed in Myoparr-depleted C2C12 cells. We compared 423 upregulated and 425 downregulated genes in Myoparr-depleted TA muscles with 299 upregulated and 394 downregulated genes in Myoparr-depleted C2C12 cells, respectively (Figure 4a and 4b) . Surprisingly, only 3.5% of the upregulated and 12% of the downregulated genes by Myoparr knockdown intersected between myogenic differentiation and muscle atrophy. 
Myoparr knockdown alters the expression of 693 genes in differentiating C2C12 cells, of which 299 are upregulated and 394 are downregulated [22] . The increased Gdf5 expression in Myoparr-depleted skeletal muscles prompted us to compare the genes regulated by Myoparr knockdown in myogenic differentiation compared to those in muscle atrophy since the expression level of Gdf5 is not changed in Myoparr-depleted C2C12 cells. We compared 423 upregulated and 425 downregulated genes in Myoparr-depleted TA muscles with 299 upregulated and 394 downregulated genes in Myoparr-depleted C2C12 cells, respectively (Figure 4a,b) . Surprisingly, only 3.5% of the upregulated and 12% of the downregulated genes by Myoparr knockdown intersected between myogenic differentiation and muscle atrophy.
To reveal the molecular functions of genes commonly regulated by Myoparr knockdown in both myogenic differentiation and muscle atrophy, we performed functional gene ontology (GO) enrichment analysis (Table S2) . Although the enrichment score was not high, the results based on the biological processes category showed that genes regulated by Myoparr knockdown in both myogenic differentiation and muscle atrophy were enriched in skeletal muscle-related processes such as myotube differentiation, regulation of muscle contraction, and skeletal muscle cell differentiation (Figure 5a ). It is of interest that these genes were also enriched in skeletal muscle-related categories of cellular component such as Z disc, troponin complex, and contractile fiber (Figure 5b ) and of molecular function such as protein binding, including actin binding and calcium ion binding (Figure 5c ). These results indicated that although genes commonly regulated by Myoparr knockdown both in vivo and in vitro were related to skeletal muscle function, most of downstream genes of Myoparr are different between myogenic differentiation and skeletal muscle atrophy. To reveal the molecular functions of genes commonly regulated by Myoparr knockdown in both myogenic differentiation and muscle atrophy, we performed functional gene ontology (GO) enrichment analysis (Table S2) . Although the enrichment score was not high, the results based on the biological processes category showed that genes regulated by Myoparr knockdown in both myogenic differentiation and muscle atrophy were enriched in skeletal muscle-related processes such as myotube differentiation, regulation of muscle contraction, and skeletal muscle cell differentiation (Figure 5a ). It is of interest that these genes were also enriched in skeletal muscle-related categories of cellular component such as Z disc, troponin complex, and contractile fiber (Figure 5b ) and of molecular function such as protein binding, including actin binding and calcium ion binding ( Figure  5c ). These results indicated that although genes commonly regulated by Myoparr knockdown both in vivo and in vitro were related to skeletal muscle function, most of downstream genes of Myoparr are different between myogenic differentiation and skeletal muscle atrophy. 
Discussion
Multiple biological roles of lncRNAs have been revealed in vitro [5, 6] ; however, the roles of lncRNAs in vivo are still not well understood. We recently identified Myoparr, a promoter-associated lncRNA, and revealed its essential role in myogenic differentiation [22] . Interestingly, increased 
Multiple biological roles of lncRNAs have been revealed in vitro [5, 6] ; however, the roles of lncRNAs in vivo are still not well understood. We recently identified Myoparr, a promoter-associated lncRNA, and revealed its essential role in myogenic differentiation [22] . Interestingly, increased Myoparr expression promotes skeletal muscle atrophy in denervated skeletal muscles. Myoparr activates neighboring myogenin gene expression, which is one of the inducers of muscle atrophy [29] . However, the molecules expressed downstream of Myoparr during muscle atrophy have not been fully identified. In the current work, we investigated the downstream genes of Myoparr in denervated skeletal muscles in mice. Among hundreds of genes regulated by Myoparr knockdown, we focused on 65 genes that encoded secretory proteins. While myostatin, a cytokine belonging to the transforming growth factor-β (TGF-β) superfamily, is a pivotal inducer of muscle atrophy by increasing protein catabolism [30] , BMP signaling can protect skeletal muscle mass after denervation [23, 31] . In addition, skeletal muscle hypertrophy induced by myostatin inhibition is also dependent on activated BMP signaling [23, 31] . We narrowed the analysis of the 65 Myoparr-regulated genes to target Gdf5, since Gdf5 encodes a secretory protein belonging to BMP family and Gdf5-/-mice demonstrate aggravated muscle atrophy [23] that is accompanied with decreased BMP signaling activity. We largely observed increased GDF5 and Smad5 levels and activated BMP signaling in Myoparr-depleted skeletal muscles after denervation. It is noteworthy that the expression level of Smad5 was not increased by Myoparr knockdown in RNA-seq analysis, suggesting that Myoparr represses Smad5 expression at the post-transcriptional level. Intriguingly, Gdf5 expression in denervated muscles is independent of myogenin gene [32] . Therefore, our findings indicated that Myoparr promoted muscle atrophy in denervated muscles through the inhibition of BMP signaling by repressing Gdf5 expression in a myogenin-independent manner.
In innervated muscle, the expression of Gdf5 is repressed by the activity-regulated transcriptional co-repressors Dach2 and Hdac9/Mitr [32] . Surgical denervation reduces Dach2 and Hdac9 expression and activates BMP signaling through upregulated Gdf5 expression [23, 31, 32] . Notably, Dach2 and Hdac9 also repress myogenin expression in innervated muscle through the minimal promoter region [33, 34] . Although it is unclear whether Dach2 and Hdac9 repress Myoparr expression in innervated muscle, it has been established that Myoparr shares the minimal promoter region with myogenin in the myogenic differentiation process [22] . Thus, Dach2 and Hdac9 are common upstream repressors of Gdf5, myogenin and Myoparr expression in innervated muscle.
Our RNA-seq analysis of genes regulated by Myoparr knockdown in denervated muscles indicated that Myoparr regulated gene expression differently between in vivo muscle atrophy and in vitro myogenic differentiation. Although several studies have previously raised the importance of different physiological functions of lncRNA in vivo and in vitro [18] [19] [20] , we speculate that the downstream genes of Myoparr may be determined depending on the cell status and context for the following reasons: (1) Composition of cells in skeletal muscle is largely different between muscle differentiation and muscle atrophy, as demonstrated by the different target genes of myogenin protein in each situation [29, 35] . Thus, the myogenin-dependent function of Myoparr likely changes in the two situations; (2) different transcription factors are used in gene expression control between muscle differentiation and muscle atrophy, as shown by the different key regulators being MyoD or Dach2 in myogenin expression in both muscle differentiation and muscle atrophy [21, 33] . Myoparr binds to Ddx17, a transcriptional co-activator of MyoD, and promotes the transcriptional activity of Ddx17 during myogenic differentiation [22] . Binding partner proteins influence the function of lncRNAs [36] . Thus, the utilization of different upstream regulators would change the Myoparr-binding protein and alter the molecular function of Myoparr in each situation. Taken together, our data suggested that the molecular function of lncRNAs was to be flexibly changeable depending on the gene expression profiles or their binding-proteins in vivo and in vitro.
In conclusion, we demonstrated for the first time that the expression of GDF5 was regulated by the myogenin promoter-associated lncRNA Myoparr in denervated skeletal muscle. Recently, it has become evident that lncRNAs are novel in vivo regulators of skeletal muscle mass [37] [38] [39] [40] [41] [42] [43] and muscle regeneration [38, [44] [45] [46] [47] , each functioning through unique mechanisms. Intriguingly, Neppl et al. described the regulation of BMP signaling by lncRNA in skeletal muscle in which Chronos inhibits muscle growth by repressing Bmp7 expression [48] , indicating that several lncRNAs are pivotal negative regulators of BMP signaling in skeletal muscle. Therefore, lncRNAs that have inhibitory activity on BMP signaling such as Myoparr may be putative therapeutic targets for skeletal muscle atrophy. In addition to the role in myofibers, BMP signaling also plays an important role in the formation of blood vessels, essential components both in steady state of skeletal muscle and in the milieu of reinnervation of denervated skeletal muscle [32, 49] . Collectively, examining the cell types which BMP signaling is activated by Myoparr knockdown in denervated skeletal muscle will further define the molecular roles of Myoparr in muscle atrophy.
Materials and Methods
Animal Experiments
All mice used were male C57BL/6J strain, purchased from the Japan SLC (Shizuoka, Japan) and housed in cages with a constant temperature (24 • C) and a 12:12 h light-dark cycle. All animal experiments were conducted under protocols approved by the Institutional Animal Care and Use Committee of Fujita Health University. Prior to electroporation, the TA muscles of 8-week-old mice were injected with 30 µg endotoxin-free plasmid DNA containing either control shRNA against LacZ or Myoparr-specific shRNA in a 30 µL saline solution using a 34-gauge needle from the ankle side to approximately 5 mm under anesthesia. The sequences of control shRNA and Myoparr shRNA are previously described [22] . Electric pulses (150 V/cm, 6 pulses, 50 ms pulses of 1-Hz frequency) were applied to the TA muscles with a tweezer-type electrode using a CUY21EDIT electroporator (Bex Co. LTD., Tokyo, Japan). A 3-mm fragment of the sciatic nerve was excised under anesthesia after electroporation. Three days after surgery, the mice were sacrificed and the TA muscles were collected, weighed, and processed for RNA and protein extraction. Total RNA was extracted from the TA muscles and purified using an miRNeasy Mini kit with DNase I (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. One microgram of total RNA was used for the reverse transcription reaction using the SuperScript III First-Strand Synthesis System with random primers (Thermo Fisher Scientific, Waltham, MA, USA). The qRT-PCR was conducted using SYBR Premix Ex Taq (Takara, Shiga, Japan) according to the manufacturer's protocol. Primers used for qRT-PCR were previously described [22] .
One microgram of total RNA was used for purification of Poly(A)+ RNAs using the NEBNext Poly (A) mRNA Magnetic Isolation Module (New England Biolabs, Ipswich, MA, USA). RNA-seq libraries were constructed using the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs) according to the manufacturer's protocol and sequenced with 100-bp pair-end reads using an Illumina HiSeq 1500 system (Illumina, San Diego, CA, USA) at Fujita Health University. The average number of reads of each sample was approximately 5 million. The bcl2fastq 1.8.4 software was used for base calling. The RNA-seq raw data for each sample has been deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive under the Accession No. DRA007708. PRINSEQ ver. 0.20.4 software was used for quality trimming of row sequence data using the following command "-trim_qual_right 20 -min_len 30" [50] . Hisat2 ver. 2.0.5 software [51] was used for alignment of the trimmed reads to the mouse reference genome (mm10) applying the default parameters. The number of aligned reads was approximately 96% of the original reads. The aligned reads were converted and sorted to Bam files using SAMtools ver. 1.3.1 software [52] and the reads were counted with the HTSeq ver. 0.6.0 software [53] using the Mus_musculus_UCSC_mm10.gtf file and the following optional command: "-stranded=no -format=bam". The value of the log2 fold change was calculated using DESeq2 ver. 1.12.4 software [54] and converted to a z-score using R software with the package Genefilter (https://bioconductor.org/packages/release/bioc/html/genefilter.html). Genes with z-score values >2.5 or <−2.5 were considered significant in this study. Gene ontology analysis was performed using DAVID ver. 6.8 (https://david.ncifcrf.gov/) and p-values < 0.05 were considered statistically significant.
Protein Extraction and Western Blot Analysis
Western blot analysis was performed as previously described in References [22, 55] . In brief, the TA muscles were surgically isolated 3 d after denervation and frozen in liquid nitrogen. Samples were broken into pieces using a bead-homogenizer Shakeman2 (Bio Medical Science, Tokyo, Japan) and lysed in RIPA buffer consisting of 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 µg/mL aprotinin, 4 µg/mL leupeptin), and phosphatase inhibitors (5 mM NaF, 5 mM β-glycerophosphate, 1 mM Na 3 VO 4 ). Equal amounts of protein quantified using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) were subjected to western blot analysis. The primary antibodies used included the 
Statistical Analysis
Data were analyzed by using unpaired two-tailed Student's t-test. p < 0.05 was considered statistically significant.
